Electronic readers that use rugged flexible substrates potentially offer very attractive characteristics (lowcost processing, lightweight, mechanical flexibility, etc.) and could expand the explosive growth of e-reader devices. In this paper, we demonstrate electrowetting (EW) devices fabricated on flexible substrates, including paper, polymers (plastics), and metal foils and sheets. EW devices on some of the flexible substrates exhibit characteristics very close to those of conventional EW devices on glass substrates. Prototypes of flexible EW arrays on plastic substrates are demonstrated to switch reversibly by applying a low voltage difference (20 V). The array operation is maintained even when the display is mechanically flexed. These results indicate the promise of flexible EW devices for mobile and other devices, including video rate flexible e-paper.
Introduction
New applications for electronics require systems that can be fitted into non-planar forms, or can be folded for packing or storage and unfolded for use. Flexible displays are expected to play an increasing role in many applications, ranging from newspaper-like displays [1, 2] , radio-frequency identification (RFID) tags [3] , displays worn on the body, toys, packaging [4, 5] , and biomedical devices [6] . Technologies based on organic semiconductors [7, 8] , roll to roll printed polymers [9, 10] , and carbon nanotubes [11] have contributed to the development of flexible electronics. For portable devices, the concern for low power consumption and the ability to work well in bright lighting conditions point to the need for reflective display technologies that do not require backlighting and have enough brightness in the outdoor condition. Many of the e-reader products recently commercially introduced use electrophoretic displays (EPDs) [12] . However, other technologies are also being investigated because EPDs are fundamentally monochrome and do not have the speed required for video display.
Electrowetting (EW) [13] provides another approach for control of light. The interaction of light with an EW structure (i.e., the combination of absorption, transmission, and reflection) is controlled by the motion of two immiscible liquids (one clear and one colored) under the influence of an electric field [14] . The EW light valve approach is quite versatile, leading to many important applications [15] . In many of these applications, the EW switching speed in the millisecond range [16] is an important asset, enabling video-rate operation (∼30 frames/s). Currently, the major application of EW technology is in the field of flat panel displays on fixed substrates (glass) [17] . EW displays with multiple colors have been achieved without the use of color filters using a vertical stack structure also on a glass substrate [18] . Other important applications of EW technology include lenses with electronic focus [19, 20] , microfluidic devices [21, 22] , and liquid-state transistors [23] .
Recently, EW operation on paper substrates was shown [24] to have switching speeds comparable to those on glass substrates. This has increased the interest in flexible EW displays. In this paper, EW operation on flexible substrates of various materials (paper, plastic, metal) is discussed and EW display prototypes are demonstrated.
Fabrication Process
Diagrams of EW structures on flexible substrates are shown in Fig. 1 . EW operation on a completely rolled flexible substrate is illustrated in Fig. 1(a) [24] . In this case the structure consists of a ground electrode, a dielectric layer, and a fluoropolymer layer. The structure for an array of EW devices on a flexible substrate is shown in Fig. 1(b) . For the array devices on plastic substrates, a 10-µm-high hydrophilic grid uses epoxy-based negative photoresist (SU-8 2010, MicroChem, Newton, MA) to confine the color oil layer, which was formulated by dissolving non-polar dyes (Keystone Co., Chicago, IL) in dodecane (Acros Organics, Thermo Fisher Scientific, Morris Plains, NJ). The top layer that seals the array is made from poly(dimethylsiloxane) (PDMS).
Several types of materials were investigated for use as flexible substrates for EW devices: paper, polymers, metals. Specific materials were selected from each group based on the requirements of the fabrication process and device operation. For paper substrates, glassine paper, Kromekote paper and Sappi paper (Sappi Fine Paper, Westbrook, ME) were used as the substrate. The metal electrode deposited on the paper substrate was either transparent indium tin oxide (ITO) or reflective Cu. Details of the fabrication process on paper substrates have been previously described [24] .
For the EW array structure on plastic, poly(ethylene terephthalate) (PET) polymer was utilized as the substrate. The PET substrate had a thickness of 175 µm. A 200 nm transparent ITO electrode was deposited on the polymer substrate followed by the deposition of a 1 µm organic dielectric (parylene) layer. The top layer is the hydrophobic insulator FluoroPel ™ (PFC1601V, Cytonix Corporation, Alkanes were used for the oil in the structures. Alkanes are non-polar and do not dissolve in water. For the experiments described in this paper, dodecane was utilized.
Demonstrations of EW action on flexible substrates made from different materials are shown in Fig. 2 , where the substrates are bent to form varying degrees of curvature. Figure 2 (a) and (b) [24] show deionized (DI) water droplets placed on EW structures on curved paper substrates with ITO and Cu electrodes, respectively. For the array devices, Cytop (CTL-809M, Asahi, Japan) was used as the fluoropolymer. After spin coating, the Cytop layer was soft baked at ∼70 • C for ∼8 min. Next, the negative photoresist SU-8 was spin-coated at 3500 rpm for 2 min, forming a ∼10-µm-thick film. The photolithography process consists of the following steps: resist soft baking at 65 • C and 95 • C for 3 min each, 365 nm UV exposure with an i-line mask aligner (EVG 420, Electronic Visions Inc., Tempe, AZ) with an intensity of ∼10 mW/cm 2 for 14 s, post exposure bake (PEB) at 95 • C for 3 min, development using SU-8 developer for 40 s, followed by isopropyl alcohol rinse for 10 s. Then, the sample was baked at 150 • C for 30 min to improve the SU-8 adhesion to the hydrophobic insulator. The oil dispensing is accomplished by the self-assembled dosing technique [25] . The thickness of the oil film can be controlled by the dip speed. Then, the devices are aligned and sealed inside a DI water container with a PDMS cover resulting in the final assembly shown in Fig. 1(b) . The CA was measured with the VCA Optima XE (Advanced Surface Technology, Billerica, MA) system. The paper device was immersed in an oil container and a 3 µl DI water droplet was injected for CA measurement. The external bias was applied to the droplet through a wire connected to a function generator (AFG310, SONY Tektronix, Japan) and a voltage amplifier (F10AD, FLC Electronics, Sweden).
Results and Discussion
The EW effect on polymer substrates was investigated by measuring the CA of DI water droplets. Over a considerable voltage range the experimental CA data are in agreement with values calculated from EW theory:
where γ W is the surface tension of DI water surrounded by either oil (γ WO ) or air (γ WA ); ε 1 and ε 2 are the relative dielectric constants for the parylene and Cytop layers, respectively; d 1 and d 2 are the thicknesses of the parylene and Cytop layer dielectric layers, respectively; θ 0 is the CA at zero bias, and V is the applied DC voltage. The contact angles on glass and PET devices with 1-µm-thick parylene dielectric layer generally followed the calculated values with applied voltage, gradually decreasing to 81 • and 79 • , respectively, as the voltage increased to 55 V. For many materials systems used in EW structures, CA saturation is observed at higher voltages. This deviation from theoretically expected behavior is generally associated with charge trapping in or on the insulator and with surface quality. The contact angles on both glass and PET devices started to saturate at ∼60 V. As can be seen, the EW device on the PET substrate exhibited characteristics very similar to the device on conventional glass substrate. A flexible EW display device consisting of a 45 × 21 pixel array with 300 µm × 900 µm pixel area is shown in Fig. 4 . Oil with red dye is used for visualization purposes. The device is photographed while being manually flexed. The left and right photographs show the array at zero voltage (OFF state -oil covering pixels) and −20 V voltage (ON state -oil displaced), respectively. The array is fully operational in both OFF and ON states while being bent in a curved shape. In addition, the array was also found to be fully functional while flexed in either the OFF or ON state. Varying the applied voltage controls the oil coverage in the pixel which determines the extent of the oil-free 'open' area. In turn, this enables gray scale operation of the display. The EW reflective display specifications are maintained even when the display is mechanically flexed. The EW effect on different flexible substrates, including the paper, steel sheet, aluminum and copper foils, was evaluated by measuring the CA of DI water droplets as a function of the applied DC voltage. The measurements used 3 µl DI water droplets on an EW structure with a 1-µm-thick parylene C dielectric layer and a 40 nm Fluoropel film. In general, the maximum voltage utilized was 60 V in order to prevent dielectric breakdown, which for these devices typically occurred at ∼70 V. As shown in Fig. 5 , the initial CAs on the Fluoropel surface were nearly identical at ∼120 • for paper, steel sheet, Al and Cu foil substrates. The CA of all the devices monotonically decreased with increasing applied voltage from 0 to −60 V. The pa- Figure 6 . Diagrams illustrating the effect of water/oil interfacial tension during turn-on (wetting) and turn-off (dewetting) in EW devices. Table 1 . Driving force for turn-on and turn-off processes in EW devices. Driving forces:
per, Cu and Al foil devices all show a relatively large CA change (∼30-40 • ), with the paper substrate producing the largest change (∼38 • ). On the other hand, the steel sheet device exhibited a relatively small CA change (∼15 • ). This is possibly due to the presence of an insulator layer on the as-received steel sheet producing a larger total dielectric layer thickness. The switching speed of EW devices is directly related to the rate with which the water replaces oil under the influence of the applied voltage, which in turn is determined by the rate of the change in contact angle. As illustrated in Fig. 6 , the net driving force during turn-on (wetting) is given by the difference between the water advancing effect of the electric field (F E ) and the retarding effect (F γ ) of the oil-water interfacial tension (γ WO ) and oil-solid interface friction (F F ). Therefore, a relatively low (but obviously not too low) value of γ WO is desirable. In contrast, during turn-off (dewetting) the interfacial tension is the advancing component of the driving force. In this case, a high value of γ WO will result in a shorter turn-off time. In both cases, having a very smooth solid surface will minimize the surface friction and decrease the switching times. This trade-off between turn-on and turn-off times is summarized in Table 1 . The CA of 3 µl DI water droplets in oil ambient was measured as a function of time as a 40 V pulse with fast rise/fall times (∼2 ns) was applied to the droplet. The CA pulse responses (defined as the time it takes to complete 80% of the optical modulation) for wetting and dewetting processes for EW devices on glass, several types of paper, steel sheet, copper and aluminum foils are summarized in Table 2 . All EW structures used the same dielectric layers and thicknesses. The wetting/dewetting times for the glass and paper substrates have been previously reported [24] . As expected, the glass substrate device produced the shortest switching times for both wetting (15 ms) and dewetting (17 ms). The best results on paper substrates (Sappi) showed only slightly longer wetting/dewetting times of 19/19 ms. Interestingly, the structures on the metallic substrates produced a wetting time almost equal to that on glass. The dewetting times of these substrates were longer that on glass. This effect is probably due to the rougher surfaces that affect the friction between the oil and the substrates. The rate of change in diameter for a water droplet in oil is known to be proportional to interfacial tension between the two fluids and inversely proportional to the coefficient of friction [26] . For the experiments reported here, the droplet volume of 3 µl results in a droplet diameter of ∼1.8 mm on the fluoropolymer surface. Droplet wetting and dewetting times are known to be linearly related to the droplet diameter [27] , with values of ∼10-20 ms reasonable for our droplet size and experimental conditions. It needs to be mentioned that CA hysteresis can also affect the wetting/dewetting times.
The same switching time imbalance was observed with the rougher paper substrate (glassine). This indicates that surfaces with improved quality (smoothness) for metal substrates along with paper and plastic have a good potential for EWbased flexible displays.
Summary
The operation of EW structures on several types of flexible substrates (paper, plastic and metal) has been demonstrated, indicating the feasibility of using these substrates as a cheap and flexible option for EW-based e-paper displays. Their relatively fast switching speed (of the order of a few tens of milliseconds) is very promising for video display applications. EW display prototypes on plastic substrates have been shown to operate even when the units are mechanically flexed.
